We present the results of smoothed particle hydrodynamic simulations of collisions between two 0.10 M differentiated planetary embryos with impact dynamics that are thought to be common to the late stage of terrestrial planet formation. At low impact velocities ( ) and for direct collisions, the impacts are
INTRODUCTION
The standard model for the formation of the terrestrial planets describes their growth as the collisional accumulation of rocky planetesimals. This model is typically divided into three stages:
(1) the formation of kilometer-sized planetesimals requiring 10 2 -10 4 yr; (2) the runaway and oligarchic accumulation of planetesimals into ∼10 3 km planetary embryos requiring 10 5 -10 6 yr; and (3) the late stage, in which planetary embryos perturb each other into crossing orbits and suffer large impacts until the remaining planets become isolated and cease to encounter or collide with each other (see reviews by Wetherill 1990; Lissauer & Stewart 1993; Canup & Agnor 2000) .
Studies of the accretion of planetary embryos (stage 2) generally indicate that their accumulation is rapid, requiring only ∼10 6 yr to form objects, where is an Earth 0.01-0.10 M M mass (e.g., Wetherill & Stewart 1993) . At this time, planetary embryos likely contain 50% (Kokubo & Ida 1998) to as much as 90% (Weidenschilling et al. 1997 ) of the total mass of the terrestrial system. During stage 3, collisions between large, likesized embryos are common. They are of particular importance as they represent a principal evolutionary process, ultimately influencing many physical and chemical characteristics of the planets. For example, the collisional and encounter histories of planets may directly determine the mass, isotopic composition (e.g., Zhang 2002) , extent of volatile depletion, rotation states (e.g., Lissauer et al. 2000) , bulk composition (Benz et al. 1988) , and formation of impact-generated satellites (e.g., Canup 2004 ). In addition, the generation of collisional fragments may alter accretion dynamics (i.e., orbital elements and encounter velocities may be damped via dynamical friction; e.g., Wetherill & Stewart 1993) . Finally, collisions are counted on to explain diverse aspects of the meteoritic rock record (e.g., Keil 2000) . Despite the central role played by collisions in facilitating accretion, relatively little is known of collision outcomes between km objects. Indeed, partially owing to the ab-3 R ∼ 10 sence of a fragmentation model appropriate to this regime and to the computational cost (where N is the number of em-2 N bryos tracked directly), most late-stage accretion models simply treat collisions as inelastic mergers. However, tracking the evolution of a growing planet's spin state using perfectly inelastic accretion leads to growing planets with rotation speeds greater than the orbital speed at the equator of a sphere of equivalent mass (see, e.g., Agnor et al. 1999, hereafter ACL99) . This is a strong indication that the outcome of late-stage collisions is not well described by simple mergers.
Here we present the results of smoothed particle hydrodynamic (SPH) simulations of collisions between planetary embryos thought common during the late stage of terrestrial planet accretion. In our initial survey of late-stage collisions, we focus on the relatively simple issue of accretion efficiency and the morphology of collision outcomes. That is, to what extent is the material of two colliding bodies combined into a larger object? When is the use of inelastic mergers a good approximation of collision outcomes? What are the general collision morphologies that occur during planet formation? . We use an impact angle (y) defined as
the angle between the relative position and velocity vectors when the two bodies are in contact (i.e., for a head-on y p 0Њ collision and for a grazing encounter). Assuming an y p 90Њ isotropic flux of impactors, the probability of a collision with y in the range is (Shoemaker y r y ϩ dy dP p 2 sin y cos y dy 1962).
Previous Impact Models
To date, collision studies applicable to stage 3 have had two main emphases: (1) determining how well individual collisions explain particular planetary characteristics (e.g., the formation of the Moon) or (2) developing scaling relations for catastrophic disruption of the target (e.g., Holsapple et al. 2002) . SPH modeling of the giant impact thought responsible for the origin of the Moon has generally considered collisions between a proto-Earth and a planetary embryo 0.5-0. Asphaug 1999). In general, the target mass is diminished by the collision. Extrapolation of these scaling relations to latestage collisions predicts that only a few percent of the target is dispersed (ACL99). In the absence of direct modeling of the low-velocity regime ( ), this has been inferred
to mean that accretion is efficient. However, we now show that the lack of target disruption does not necessarily coincide with the effective merging of the impactor and target. Perhaps most directly relevant to terrestrial planet formation is the work of Benz et al. (1988) . They performed SPH impact simulations between differentiated planetary embryos with masses ∼ to identify the type of collision needed to 0.10 M strip Mercury of a primordial mantle and test the efficacy of a collisional origin for its high density and iron content. Their simulations used an impactor-to-target mass ratio of about and impact velocities in the range
. All of their collisions resulted in net mass erosion 2.5v -8v esc esc of the target. Together, these previous works suggest that for collisions between planetary embryos, the dynamical transition between accretion (i.e., growth of the target) and erosion (i.e., net mass loss by the target) is at least as low as . 
MODELING EMBRYO COLLISIONS
We use SPH to simulate collisions between two 0.10 M planetary embryos, sampling the impact dynamics expected to be common in the late stage. There is a wealth of literature on the SPH method (see, e.g., the review by Monaghan 1992), and it is widely used to model collisions of condensed solar system materials (e.g., Benz et al. 1989; Love & Ahrens 1996; Benz & Asphaug 1999; Asphaug et al. 1998 ). Our particular model is a descendant of the code used in Benz et al. (1986) and includes self-gravity but neglects internal strength as is appropriate for the large, gravity-dominated objects considered here. We use the at higher impact velocities. Simulations were performed with impact angles of , 30Њ, 45Њ, and 60Њ. This divides the y p 0Њ range of impact orientations into quartiles (i.e., 25% of collisions will have , …, etc.). Each simulation used about y ! 30Њ 20,000 SPH particles and was performed in the center of mass frame. The embryos were not initially rotating. Each simulation was run for 20 hr of model time. In most cases, the general morphology of the result was determined within a few hours of the initial impact. Energy and angular momentum errors are conserved to ∼ or better.
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RESULTS
After each collision, we use a friends-of-friends algorithm to identify contiguous clumps of SPH particles. Then we use an iterative procedure to find clumps that are gravitationally bound. After assigning individual SPH particles into bound or escaping aggregates, it is easy to examine the mass distribution and material composition of the collision outcome. We use this method to determine the mass of the largest gravitationally bound aggregate ( ) and the largest aggregate in the escaping M 1 material ( ). In this treatment, includes material falling M M 2 1 back to the main clump as well as material bound in orbit around it (e.g., in a protosatellite disk).
Collision Outcomes
The mass of the largest bound aggregate scaled by the target mass ( ) is shown in Figure 1 as a function of the impact M /M 1 t velocity. For accretion to occur, the largest aggregate must be more massive than the original target (i.e., ). The . In all these collisions, the escaping material consists 1.5 r 3.0 predominantly of mantle particles. Consequently, at high impact velocity is iron-enriched, with the iron mass fraction slightly M 1 exceeding 0.5 for the , collision. This ma-
terial fractionation result is similar to that of Benz et al. (1988) . O (10 ) fraction of the escaping material (see Fig. 2 ). Off-center collisions are different: typically, the two embryos collide and graze past each other. The impact, cratering, and rebound result in the conversion of some translational kinetic energy into rotational kinetic and internal energy. If the impact velocity is low enough, this renders the two objects gravitationally bound; they then suffer a second collision ( two largest aggregates, the remaining clumps in the escaping material are individually 2 orders of magnitude less massive than the initial embryos and consist almost exclusively of material from their mantles. Such collisions will tend to increase the iron fraction of surviving embryos while repopulating the planetesimal swarm with mantle material. In some of the glancing collisions, the impact angular momentum exceeds that of a sphere of equivalent mass M ϩ M t i rotating with orbital speed at the surface. We find that the angular momentum of such collisions is processed in one of two ways: If the two objects are gravitationally bound after the initial impact, they subsequently merge and the system's angular momentum excess is spun out into a circumplanetary disk consisting primarily of mantle material (e.g., Canup & Asphaug 2003) . On the other hand, if the impactor bounces and does not accrete, then the embryos are spun up slightly and much of the encounter angular momentum is carried off almost as though no collision had occurred. It is curious that the results presented here are similar to those obtained by Leinhardt et al. (2000) and Benz (2000) in studies of low-speed collisions between small asteroidal rubble piles-a very different size, velocity, and mechanical regime. Gravitational interactions may thus dominate the collisional outcome in both regimes. Our ongoing efforts in both regimes seek to determine whether a unified scaling relation applies for collisional outcomes spanning a large mass and velocity range relevant to accretion.
Relative Frequency of Outcomes
We estimate the relative frequency of accretionary outcomes during planet formation by integrating over impact orientation and velocity distributions. We assume impact orientations are isotropic (Shoemaker 1962) and that encounter velocity distribution is well described by a Gaussian (as indicated by the N-body simulations of Ida & Makino 1992) , where is the * v ϱ rms value. Furthermore, we assume that our simulation results with are representative of the quartile of collisions that y p 0Њ occur with impact angles in the range and that our y p 0Њ-30Њ results are representative of all collisions with y p 30Њ y p , …, etc. By using the lowest impact angle as repre-30Њ-45Њ sentative of each bin, we overestimate the fraction of accretionary collisions.
From Figure 1 , we identify the transition between accretionary and erosional collisions (i.e., ) as occurring M p M 80%. In addition, the nonaccretionary collisions consist primarily of inelastic bouncing events with minimal erosion of the colliders but with dramatic geophysical consequences reported by Asphaug et al. (2003) and E. Asphaug et al. (2004, in preparation) .
SIGNIFICANCE OF NONACCRETIONARY COLLISIONS
We have modeled collisions between identical dif-0.10 M ferentiated planetary embryos with collision dynamics common to the late stage of terrestrial planet formation. The general morphology of the collision remnants consists of one or two large aggregates of mass comparable to the initial embryos along with a spray of much smaller ejecta. At low impact velocities (
) and for more direct collisions (i.e., v /v ! 1.5 imp esc impact angles ), the impacts are largely accretionary, y ≤ 30Њ resulting in a single larger embryo and less than 10% of the mass escaping in much smaller clumps of ejecta. Inelastic bouncing between embryos with slight erosion followed by escape to infinity is a common outcome. This occurs for glancing collisions at low impact velocities (i.e., and While our initial results are limited to a single mass ratio, they suggest that nonaccretionary collisions are the norm during the end of terrestrial planet formation. The collisional and dynamical accretion of planets are coupled. For example, the reduced accretion efficiency demonstrated above appears to lengthen the timescale of planet formation by a factor of 2 or more, relative to perfect mergers. The production of significant erosional debris, however, might alter the dynamical environment in ways that remain largely unexplored-for instance, damping the system to lower relative velocities. Detailed work in progress relates to this phenomenon of nonaccretionary collisions: its effects on the dynamics of planet growth, its geophysical processing and fractionation of material, as well as its predictions and implications for terrestrial planet diversity.
